INTRODUCTION
Drug hypersensitivity can be defi ned as an inappropriate immune response leading to tissue damage from an otherwise nontoxic agent. Drug hypersensitivity reactions therefore fall into the category of type B (or bizarre) adverse drug reactions, according to the classifi cation proposed by Rawlins and Thompson. 1 By defi nition, therefore, these reactions cannot be predicted from the known pharmacology of the drug, do not show a simple dose-response relationship and, of importance, affect a minority of patients taking the drug. The factors predisposing individuals to hypersensitivity reactions with individual drugs are in most cases unknown. Genetic factors have long been postulated to be important, but it was not until recently, that we began to uncover the genetic basis of drug-induced hypersensitivity.
The incidence of hypersensitivity varies according to the drug, the disease being treated, and the ethnicity of the patient. 2 There are reports of hypersensitivity reactions (in their general sense) with most drugs on the market, but in most instances, the reactions are usually mild. More severe reactions are relatively uncommon, even when there is a high frequency of mild reactions. For instance, with phenytoin, skin rashes occur in up to 16% of patients at initiation of therapy, 3 while hypersensitivity syndrome is much less common occurring in 1 in 5000 to 10 000 patients. 4 The clinical manifestations of hypersensitivity reactions are also widely variable, and the reasons for why some patients develop extracutaneous manifestations such as injury to the liver and bone marrow ( Figure 1 ), 5 while most do not, are unknown. Whether genetic factors are important in determining the severity and pattern of clinical manifestations is unknown and will require investigation through large wellexecuted studies.
FAMILIAL OCCURRENCE OF DRUG HYPERSENSITIVITY
Twin studies, where the incidence of a disease is compared between monozygotic and dizygotic twins, have long been used to the ascertain the heritability estimates of many diseases. 6 However, this would be extremely diffi cult to accomplish with drug hypersensitivity, as it would require an enormously large study (which would probably be economically unfeasible) comprising twins with the same disease that had the same drug treatment, and were then compared with respect to the incidence of hypersensitivity. In the absence of such studies, evidence of genetic E21 predisposition to drug hypersensitivity can be gleaned from case reports that describe the occurrence of similar hypersensitivity reactions in different family members treated with the same drug ( Table 1 ) . [7] [8] [9] [10] [11] For example, hypersensitivity syndrome has been reported in identical twins, both of whom were being treated with carbamazepine (CBZ) for primary generalized epilepsy. 7 The mechanistic basis of genetic predisposition was investigated by Gennis et al 11 in 3 siblings who developed hypersensitivity with phenytoin. Using the in vitro lymphocyte cytotoxicity assay fi rst devised by Spielberg et al, 12 they were able to show that cells from affected patients and 4 other siblings (who had never been exposed to anticonvulsants) showed a higher death rate in vitro compared with controls, suggesting an inherited predisposition.
GENETIC BASIS OF DRUG HYPERSENSITIVITY: EARLY INVESTIGATIONS
Given the pivotal role of the major histocompatibility complex (MHC) in the immune response, many of the early studies on drug-hypersensitivity reactions focused on human leukocyte antigen (HLA) phenotyping. Several positive associations were identifi ed ( Table 2 ) ; however, there were also contradictory data between different groups, which arose because the numbers of patients studied were small, there was poor case defi nition, and the serological typing used was relatively insensitive and unable to distinguish between different alleles.
MULTIGENIC ETIOLOGY OF DRUG HYPERSENSITIVITY
In the early days of pharmacogenetic investigations, the prevailing hypothesis was that predisposition to drug response, be it effi cacy or toxicity, was determined by a single gene. However, it is now clear that in most cases, drug response (including drug hypersensitivity) is a multifactorial and multigenic process, dependent on a complex interaction between multiple genes and the environment ( Figure 2 ). Each gene contributes to the risk of developing the hypersensitivity reaction, but each individual gene is neither necessary nor suffi cient by itself to cause the reaction. 14 Perhaps the fi rst demonstration that more than one gene was needed to predispose to an immune-mediated adverse drug reaction was with hydralazine-induced systemic lupus erythematosus (SLE). Patients defi cient in N-acetyl transferase type 2 (NAT2), so-called slow acetylators, were found to be susceptible to developing SLE. 15 Later on, further work showed that predisposition to hydralazine-induced SLE was also dependent on the presence of HLA-DR4. 16 With the completion of the human genome project, many novel genes are likely to be identifi ed as predisposing factors for drug hypersensitivity over the next few years. With our current state of knowledge, it is possible to divide predisposing genes into several categories ( Figure 2 • Drug bioinactivation: the process by which stable compounds and unstable metabolites can be detoxifi ed to prevent toxicity through accumulation or binding to cellular and humoral proteins, respectively. Many pathways are involved in bioinactivation, including phase I and phase II drug-metabolizing enzymes.
• Immune responsiveness: the process by which the body s immune system recognizes a drug/drug metabolite as being foreign or antigenic, and thereby mounts an immune response, conceived to be protective, but which perversely leads to clinical manifestations typical of hypersensitivity. The genes encoding for immune responsiveness include MHC, T-cell receptors, and costimulatory molecules.
• Tissue injury and repair: the process by which an immune response is translated into tissue injury, the nature and extent of which can be counteracted by repair mechanisms that limit any tissue damage. Typical candidates include cytokines, chemokines, and prostaglandins.
Although there have been many investigations into the role of drug metabolizing enzyme gene polymorphisms in the pathogenesis of drug hypersensitivity, these to date have not been shown to be of major importance. Indeed, as with the early studies, current investigations have largely focused on the MHC on chromosome 6. Following the completion of the human genome project, and sequencing of the MHC, 18 , 19 we now have a much better understanding of the complexity of the MHC. Coupled with our ability to undertake highresolution genotyping and an increased understanding of the pattern of linkage disequilibrium within the region, 20 , 21 this has enabled more detailed studies, which have already produced some striking fi ndings. These concepts are best illustrated with respect to 2 drugs, abacavir 22 and CBZ, 23 both of which are associated with well-defi ned hypersensitivity reactions.
ABACAVIR HYPERSENSITIVITY
The use of abacavir, a potent HIV-1 reverse transcriptase inhibitor, has been hampered by the occurrence of hypersensitivity reaction in ~5% of patients. 24 These reactions are characterized by skin rash, and gastrointestinal and respiratory manifestations and can occasionally be fatal, particularly on rechallenge. In an extensive investigation of the MHC, Mallal et al 25 found a strong association between abacavir hypersensitivity and the haplotype comprising HLA-B*5701, HLA-DR7, and HLA-DQ3 with an odds ratio of over 100. Subsequent studies have shown that this haplotype resides on the ancestral haplotype 57.1 ( Table 3 ) , and that the combination of HLA B*5701 and polymorphism in heat shock protein-Hom (HSP1AL) has greater predictive accuracy than HLA B*5701 by itself. 26 This association has now been shown in 2 other cohorts by GlaxoSmithKline Pharmaceuticals, the manufacturer of the drug, and independently in a cohort of patients from the UK. [27] [28] [29] However, the odds ratios in these studies were lower than those obtained by Mallal et al. 25 Furthermore, the same association has not been shown in a black population, presumably because of ethnic differences in linkage disequilibrium patterns in the MHC. 28 Nevertheless, the association with the MHC in whites is consistent with the identifi cation of drug-specifi c T cells in patients with abacavir hypersensitivity. 30 , 31 Abacavir does undergo metabolism in the body, with alcohol dehydrogenase being one of the enzymes involved. 32 However, genetic analysis has shown that polymorphisms in the genes coding for various drug metabolizing enzymes do not play a major role in the predisposition to abacavir hypersensitivity. 27 Mallal et al 25 have proposed that in whites genotyping for HLA B*5701 should be performed before prescription of Figure 2. Scheme illustrating that drug hypersensitivity has a multifactorial and multigenic predisposition.
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abacavir, and indeed in their clinic, this has resulted in a reduction in the incidence of abacavir hypersensitivity. 26 An analysis of the predictive value of prospective HLA B*5701 genotyping prior to abacavir hypersensitivity based on a meta-analysis of 3 cohorts showed that to prevent one case of hypersensitivity, 8 HLA B*5701 positive patients would be denied abacavir, and to identify them, 48 patients would require testing. 29 The conclusion from this analysis was that genotyping for HLA B*5701 prior to the prescription of abacavir in whites is a cost-effective strategy. An issue to consider here is what test characteristics (ie, predictive accuracy) are required before a test can be implemented into clinical practice. Given the potential severity of abacavir hypersensitivity, it has been suggested that only a test that is 100% predictive in all populations would be clinically useful. However, it has to be conceded that even the current test characteristics are striking and exceed those of many other tests that are widely used today, and perhaps we may have to be more modest in our requirements to introduce pharmacogenetics into clinical practice. 33 
CARBAMAZEPINE HYPERSENSITIVITY
CBZ is a widely used anticonvulsant that can cause rashes in up to 10% of patients, and in occasional cases, this may be the precursor to the development of a hypersensitivity syndrome characterized by systemic manifestations such as fever and eosinophilia. 23 , 34 Rarely, CBZ can induce blistering skin reactions such as Stevens-Johnson syndrome (SJS) and toxic epidermal necrolysis, 2 conditions associated with a high fatality rate. 35 There is now increasing laboratory evidence to show that CBZ hypersensitivity is a T-cell mediated disease. 36 , 37 However, whether maculopapular eruptions, hypersensitivity syndrome, and the blistering rashes are of similar pathogenesis or diseases with different pathogenesis is unclear.
Although the mechanism of CBZ hypersensitivity is poorly understood, it has been postulated that metabolites and not the parent drug are the causal agents. 4 Evidence for this has come from in vitro studies. CBZ can be metabolized to stable, cytotoxic, and protein-reactive metabolites. 38 The metabolism of CBZ in man, and experimental animals, is complex. The major route of metabolism both in vitro and in vivo is 10,11-epoxidation to CBZ-10,11-epoxide (which is itself a drug). 39 , 40 Detoxication products from the postulated arene oxide have been detected in rat bile 41 and suggested to be present in human urine. 42 Although other reactive metabolites have been postulated, 43 evidence of the possible role of arene oxides, taken together with fi ndings from the in vitro lymphocyte cytotoxicity assay, suggested that patients may have a detoxifi cation defect. 4 , 44 This led to analysis of the microsomal epoxide hydrolase gene, which failed to identify any specifi c polymorphisms that were associated with CBZ hypersensitivity in 2 separate cohorts of patients. 45 , 46 In addition, so far, studies have failed to identify any association of CBZ hypersensitivity with polymorphisms in genes encoding enzymes involved in the metabolism and bioactivation of CBZ, and the bioinactivation of its postulated reactive metabolites. 34 In view of the lack of association of CBZ hypersensitivity with gene polymorphisms in its drug metabolizing enzymes, subsequent studies have focused on the role of the MHC. This has led to the fi nding that CBZ hypersensitivity syndrome, but not mild maculopapular eruptions, is associated with the haplotype TNF2-DR3-DQ2. 47 This locus may thus either determine severity of the reaction or alternatively the milder reactions have a different pathogenesis, and thus different predisposing genes, than the more severe reactions. This fi nding has also been borne out in more recent studies in an extensive analysis of the heat shock protein (HSP) locus, which has shown that severe but not mild CBZ hypersensitivity reactions are associated with 3 SNPs in the HSP-70 locus, 2 in HSP70-1 and one in HSPA1L. 48 It is not possible at this stage to state whether the associations identifi ed so far represent causal variants or are in linkage disequilibrium with a causal variant in another gene in the MHC. It does however seem likely that the causal variant for CBZ hypersensitivity in whites resides on the ancestral haplotype 8.1 ( Table 3 ) .
Of interest, a recent study in a Han Chinese population from Taiwan has shown that HLA-B*1502 may act as a genetic marker for CBZ-induced SJS, with an odds ratio that was greater than 2504. 49 All patients with SJS carried the 
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HLA-B*1502 allele, but this was only observed in 3% of tolerant patients. This is an extremely important fi nding that suggests that in the Han Chinese population, testing for HLA-B*1502 (where it has a prevalence of 7% compared with 2% in whites) may prevent CBZ-induced SJS. A formal cost-effective analysis has not been undertaken; however, given the relative rarity of SJS, it may be considered not to be economically feasible despite the strength of the association with HLA-B*1502. The fi ndings in Han Chinese cannot be extrapolated to whites: in our population of whites (including 2 patients with SJS), we have not shown an association with HLA-B*1502 (Alfi revic, unpublished data, 2006). Whether this is related to differences in the linkage disequilibrium pattern or in clinical manifestations between the 2 cohorts is not clear at this stage.
THE ENVIRONMENT AND DRUG HYPERSENSITIVITY
Despite the increasing evidence that genetic factors predispose to drug hypersensitivity, we should not discount the role of environmental factors. The best example of this is the role of viral infections in predisposing to drug hypersensitivity. For instance, in patients with Epstein-Barr virus induced infectious mononucleosis, the risk of rash with amoxicillin is increased by a factor of 58. 50 An increase in the frequency of hypersensitivity has also been observed in HIV patients treated with the combination of sulfamethoxazole (SMX) and trimethoprim. In HIV-negative patients, the frequency of hypersensitivity with the combination product is less than 3%, while in HIV-positive patients, it increases to 30%. 51 Of interest, while slow acetylator phenotype is a risk factor for the development for hypersensitivity in HIV-negative patients, 52 neither acetylator phenotype nor genotype has shown to predispose to SMX hypersensitivity in HIV-positive patients. [53] [54] [55] Furthermore, convincing genetic associations have also not been demonstrated with other enzymes involved in the bioactivation of SMX to its toxic hydroxylamine and nitroso metabolites, and their detoxifi cation. 54 Unlike abacavir and CBZ, an association with SMX hypersensitivity in HIV-positive patients with MHC genes has also not been identifi ed ( Table 3 ; Vilar et al, unpublished data, 2005). Thus, the 10-fold increase in the frequency of SMX hypersensitivity in HIV-positive patients cannot simply be attributed to conventional genetic factors. Whether this is due to the " danger " posed by concomitant HIV infection (ie, an environmental factor), 56 or whether there is an interaction with novel genetic factors is unclear at present and requires further investigation.
FUTURE PERSPECTIVES AND CONCLUSION
As our knowledge of the human genome improves, we will undoubtedly identify novel genetic predisposing factors for drug hypersensitivity reactions. All the studies to date have used a candidate gene approach. Clearly this is limited by our knowledge of the mechanisms of drug hypersensitivity. The technology to identify genetic variants across the whole genome is advancing rapidly, and the next stage of genetic investigation will be to perform an unbiased assessment of predisposition through whole genome scanning. 56 Before we can progress to this stage, however, several important issues will need to be considered and resolved, as follows:
1. Most drug hypersensitivity reactions are relatively rare, and conventional power calculations suggest that up to 1000 patients may be required. 57 It is very unlikely that a single center, let alone a single country, will be able to identify this number of cases, and therefore multicenter multinational collaborations are going to be essential. In addition, we need to develop better methods to identify and bank DNA samples from patients with drug hypersensitivity as and when they arise -this applies to both clinical trials and in routine clinical practice.
2. It is clear that drug hypersensitivity reactions vary in their severity and the pattern of clinical manifestations. Therefore, accurate phenotypic characterization of patients is going to be crucial. An important point to consider with respect to phenotype is whether the varying manifestations represent the same disease process, or different diseases altogether, as this will impact on the statistical power to identify the genetic predisposing factors. Clearly it is also possible that the genetic predisposition to the phenotypic manifestations may be drug-specifi c. Thus, in the studies in Han Chinese, while HLA-B*1502 acts as a marker for CBZinduced SJS only, 49 with allopurinol, the genetic predisposing factors seem to be relatively similar irrespective of whether the patient developed hypersensitivity syndrome or SJS. 58 3. The incidence of hypersensitivity may vary in different populations treated with the same drug. For example, thiacetazone-induced hypersensitivity seems to be a particular problem in black patients, 59 while SMX hypersensitivity seems to be more common in whites than in blacks. 60 This has clear implications for genetic investigations in that the identifi cation of a genetic predisposing factor may only be relevant for one ethnic group, and it may not be possible to extrapolate the fi ndings to other populations. This is perhaps best exemplifi ed by abacavir hypersensitivity, where HLA-B*5701 acts as a predisposing factor in white patients, but not at all in black patients. 28 4. The ultimate aim of pharmacogenetics is to predict the response to the drug before the patient takes the drug. With respect to drug hypersensitivity, the aim would therefore be to prevent these reactions through preprescription genotyping. Two important aspects need to be considered here. First, what level of predictive accuracy will be acceptable to patients and clinicians before the test is used? It is unlikely that we will achieve 100% predictive accuracy with any pharmacogenetic test. 33 To this end, it is interesting to note that the phenotypic in vitro cytotoxicity assay 12 actually has better predictive values than any genotypic marker identifi ed so far, as least with respect to the use of CBZ in whites. 4 , 44 Second, given that predisposition is likely to be multigenic, is it going to be cost effective to screen patients prior to starting the drug, especially when the background incidence of the hypersensitivity reaction is low? Such information will be needed to convince those responsible for holding scarce health-care resources to invest in such testing.
CONCLUSION
In conclusion, there is increasing evidence to show that drug hypersensitivity reactions are genetically determined. Identifi cation of such factors is important, not only to realize the prospect of developing preventive strategies but also to learn about the mechanisms of these reactions, which may ultimately lead to other preventive strategies through better drug design and to better treatment strategies for patients who develop the reactions. The success of this area of research is going to be critically dependent on the identifi cation and careful phenotyping of patients with such reactions, which is only likely to be achieved through international collaborations.
